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FGF signaling is a central regulator of branching
morphogenesis processes, such as angiogenesis or
the development of branched organs including
lung, kidney, and mammary gland. The formation of
the air sac during the development of the Drosophila
tracheal system is a powerful genetic model to inves-
tigate how FGF signaling patterns such emerging
structures. This article describes the characterization
of the Drosophila matrix metalloprotease Mmp2 as
an extracellular inhibitor of FGFmorphogenetic func-
tion. Mmp2 expression in the developing air sac is
controlled by the Drosophila FGF homolog Branch-
less and then participates in a negative feedback
and lateral inhibition mechanism that defines the
precise pattern of FGF signaling. The signaling func-
tion for MMPs described here may not be limited to
branching morphogenesis processes.
INTRODUCTION
The developing air sac of Drosophila is a particularly well suited
model for studying the regulation of directed tubule formation,
cell migration, and tissue invasion during branching morphogen-
esis (Cabernard and Affolter, 2005; Sato and Kornberg, 2002).
The air sac primordium (ASP) arises in late larval stages from
a bud that forms on a trachea close to wing imaginal disc. Subse-
quently, this bud grows into a long pointed structure that will ulti-
mately form the adult air sac (Figures 1A–1D). The initial budding
as well as the directed air sac growth is governed by the
Drosophila FGF homolog Branchless (Bnl) and its receptor,
Breathless (Btl).
As the outgrowth of the ASP proceeds, the structure becomes
partitioned into a distal ‘‘tip’’ and a proximal ‘‘stalk’’ domain
(Affolter et al., 2009; Lu et al., 2008). Tip cells are distinct from
stalk cells in several respects. Importantly, FGF signaling is
only required in tip cells. The restriction of FGF signaling to tip
cells has been demonstrated by clonal analysis and by moni-
toring phosphorylated Drosophila ERK, an indicator for the
activation of FGF signaling (Cabernard and Affolter, 2005; Gabay
et al., 1997; Sato and Kornberg, 2002). Morphologically, tip cellsDevelopmare characterized by a preponderance of actin-based filopodia,
or cytonemes (Sato and Kornberg, 2002). The escargot gene
(esg) serves as a marker for tip cell identity (Sato and Kornberg,
2002). In several instances of branching morphogenesis, for
example, during embryonic tracheal development (Ghabrial
and Krasnow, 2006), lateral inhibition mechanisms restrict tip
fate to a small number of cells.
Matrix metalloproteases (MMPs) are secreted or cell-surface-
associated enzymes that have complex functions in tissue reor-
ganization, both during development and in adult life. Multiple
lines of evidence implicate MMPs in branching morphogenesis,
for example in lung and mammary development (Atkinson et al.,
2005; Kheradmand et al., 2002; Oblander et al., 2005; Wiseman
et al., 2003). MMPs are primarily known for their proteolytic
activity toward extracellular matrix components. However, the
functions of MMPs are not restricted to architectural reorganiza-
tion of cell interactions and tissues. They also modulate the
activity of several signaling pathways. FGF signaling has been
reported to be under the control of MMP activity too. Mammalian
FGF receptor type I, for example, can be shed from the cell
surface by MMP-catalyzed proteolytic cleavage (Levi et al., 1996).
Drosophila melanogaster has two MMPs, Mmp1 and Mmp2
(Llano et al., 2000, 2002). mmp1 null mutants display multiple
breaks in dorsal tracheal trunks and die in the third instar stage.
The mmp2 mutant phenotype is distinct from that of mmp1
mutants and shows defects in larval organ histolysis and death
during metamorphosis (Page-McCaw et al., 2003).
RESULTS
mmp1 andmmp2 Are Expressed in the Tracheal System
To explore their potential role in morphogenesis, we monitored the
expression patterns of Drosophila mmp1 and mmp2 using GFP
reporter strains. Consistent with previously published in situ
hybridization data (Page-McCaw et al., 2003), we found that
both Drosophila mmp genes are active in the larval ASP as this
structure forms and migrates across the wing imaginal disc,
invading larval tissues. In the course of air sac outgrowth, mmp1
is evenly expressed throughout the tubular structure (Figures
1E–1G), whereasmmp2 levels become progressively more prom-
inent in the distal end of the air sac and the tip cells (Figures 1H–1J).
Mmp2 Is Required for Air Sac Development
To investigate whether the striking expression pattern of the
Drosophila mmp genes in the ASP might point to a role in airental Cell 18, 157–164, January 19, 2010 ª2010 Elsevier Inc. 157
Figure 1. mmp1 and mmp2 Are Expressed in the Developing Air Sac
(A) Schematic illustration of air sac development. Tracheal cells in the transverse connective respond to an FGF signal by activating ERK (orange). The elongating
ASP gets subdivided into tip cells in which FGF signaling is active, and stalk cells in which it is not.
(B–N) The tracheal system was marked by expression of btlGal4-driven GFP (green). Samples were counterstained with phalloidin (B–D and K–N) or anti-fasciclin
III (E–J) (red).
(E–J) mmp1 and mmp2 expression were monitored using GFP reporters. mmp1 was evenly expressed, but mmp2 gene activity became progressively restricted
to the distal region of the air sac. In control larvae, the ASP develops normally (K and K0 ). mmp2RNAi expression severely disrupted ASP morphogenesis (L and L0)
(genotype: UAS-mmp2RNAi, btlGal4, UAS-GFPactin, tubGal80ts). The ASP failed to migrate toward the distal part of the wing disc and formed multiple tips
(L0, arrowheads). In many cases, mmp2-deficient ASPs showed a multilobed appearance (see Figure 3A). Expression of timp (M) caused similar air sac defects.
Coexpression of mmp2 reverted timp-induced air sac defects almost completely (N). Scale bars indicate 25 mm.
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tracheal system of Drosophila third instar larvae. This was
achieved by the expression of specific RNAi constructs for either
gene (UAS-mmp1RNAi and UAS-mmp2RNAi, respectively) under
the spatial control of the trachea-specific btlGal4 driver and the
temporal control of a temperature-sensitive Gal80ts suppressor.
The efficacy of the RNAi-mediated knockdown was validated
by PCR and antibody staining (Uhlirova and Bohmann, 2006)
(see Figures S1A–S1C available online). Whereas knockdown
of mmp1 had only a subtle effect (Figure S1A), the phenotype
caused by loss of mmp2 was dramatic: air sac extension was
impaired, resulting in a severely deformed structure. The charac-
teristic elongated and pointed shape of the air sac was lost.
Instead of a single well-defined tip (Figures 1K and 1K0), mmp2-
deficient air sacs displayed multiple tips (Figures 1L and 1L0)
and sometimes had a multilobed appearance. Proliferation
appeared unaffected upon knockdown of mmp2 in the ASP as
shown by anti-phospho H3 staining (Figure S1E), indicating that
the mmp2 loss-of-function (LOF) phenotype is not caused by
an insufficient supply of tracheoblasts for air sac development.158 Developmental Cell 18, 157–164, January 19, 2010 ª2010 ElseviExpression of Drosophila Timp, a specific MMP inhibitor
(Pohar et al., 1999), under btlGal4/Gal80ts control resulted in
a multitip phenotype indistinguishable from the one elicited by
mmp2RNAi (Figures 1L and 1M). Coexpression of Mmp2, but
not Mmp1, largely reverted the ASP defect caused by TIMP
(Figure 1N; Figure S1D). Moreover, the function of Mmp2 is
continuously required to maintain the ordered outgrowth of the
ASP (data not shown).
Loss of Mmp2 Function Expands the Tip Territory
In order for outgrowth to proceed normally, the ASP has to be
patterned into stalk and tip cells. Under wild-type conditions,
characteristic actin-rich filopodia emanate from the migrating
ASP tip and extend toward the source of Bnl/FGF signaling (Ca-
bernard and Affolter, 2005; Sato and Kornberg, 2002) (Figures 2A
and 2A0). The multitipped, migration-deficient ASP caused by
mmp2 LOF, however, are characterized by the widespread
appearance of such filopodia (Figures 2B–2C0). We conclude
that the patterning into stalk and tip cells might be disturbed
under mmp2 LOF conditions, resulting in an expansion of tiper Inc.
Figure 2. Loss of Mmp2 Function Expands the Tip
Territory
(A–C0) Third instar larvae of the genotype btlGal4, UAS-
GFPactin, tubGal80ts were used to visualize filopodia
emanating from the outgrowing air sac (A). ASPs expressing
mmp2RNAi (B) or timp (C) formed multiple tips extending
numerous actin-based filopodia. Similar experiments using
a CD8-GFP fusion protein yielded indistinguishable results
(data not shown).
(D–G) Expression of the tip cell marker esg was visualized
using an esgGal4, UAS-GFP reporter (green; D and E) or an
esg-LacZ enhancer trap reporter (blue; F and G). ASPs were
visualized with btl enhancer-mRFP1moe (red; D and E) or
with btlGal4, UAS-GFPactin, tubGal80ts (green; F and G). In
control larvae (D and F), esg was expressed in the tips of the
air sac. Expression of mmp2RNAi either in the tip cell domain
under the esgGal4 driver (E) or throughout the tracheal system
using btlGal4 (G) caused a significant expansion of the esg-
marked tip territory in the air sac, even spreading to the
tracheal branch nearby (E, arrows).
(H) Forced expression of Esg throughout the tracheal system
under the same btlGal4 driver yielded a multitip phenotype
resembling that of mmp2 LOF conditions. Actin staining with
phalloidin (red) visualized the wing imaginal disc. Scale bars
indicate 25 mm.
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Figure 3. Mmp2 Specifically Represses
FGF-ERK Signaling
(A) FGF-induced ERK phosphorylation was prom-
inent in the tip of the ASP, as visualized with anti-
dpERK (red). Suppression of Mmp2 activity by
mmp2RNAi or timp caused an expansion of ERK
phosphorylation. The lower panel shows the
same images with tracheal and air sac cells
labeled in green. The scale bar indicates 25 mm.
(B) Mmp2 selectively interfered with FGF, but not
with EGF signaling in S2 cells. FGF signaling was
induced by coexpression of Bnl and a Btl-GFP.
Similarly, EGF signaling was activated by the
expression of the Drosophila EGF receptor
(DER1-GFP) along with its ligand sKrn. In both
cases ERK was activated, as monitored by the
dpERK antibody. The FGF-inducible phosphoryla-
tion of ERK was abrogated by coexpression of
Mmp2, which did not suppress kinase activation
by EGF. Mmp2E258A, a catalytically inactive
mutant, has no effect on dpERK levels.
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sion of the tip cell marker esg in mmp2 LOF air sacs using a GFP
reporter under the control of an esgGal4 driver (Figures 2D and
2E) or a straight esg-LacZ reporter (Figures 2F and 2G). Expres-
sion of mmp2RNAi either in the tip cell domain (using the esgGal4
driver; Figure 2E) or throughout the tracheal system (using
btlGal4; Figure 2G) causes a significant expansion of esg expres-
sion. We conclude that Mmp2 function is required to spatially
constrain the tip cell region. It is plausible that the failure to
migrate and the multitip phenotype are direct consequences
of an expansion of the tip cell domain at the expense of the
stalk cells.
The esg transcription factor controls tip-cell-specific functions
in the developing tracheal system of the Drosophila embryo
(Samakovlis et al., 1996; Tanaka-Matakatsu et al., 1996). It is
reasonable to assume that esg would similarly confer tip cell
specification in the larval ASP. If that were the case, one might
expect that the expanded domain of esg expression that we
have seen under conditions of reduced mmp2 expression might
be causal for the multitip phenotype. To test this possibility, we
overexpressed esg throughout the third instar ASP under the
control of btlGal4/tubGal80ts, thereby expanding the expres-
sion of esg beyond the prospective tip domain. Interestingly,
this manipulation caused a multitip phenotype resembling that
of mmp2 LOF conditions (Figure 2H). We may conclude that
the expansion of the esg expression domain is sufficient to
mediate the mmp2 LOF phenotype. This finding supports the
idea that the mmp2 mutant phenotype is a consequence of
a patterning defect caused by an expansion of tip cell fate.160 Developmental Cell 18, 157–164, January 19, 2010 ª2010 Elsevier Inc.Mmp2 Represses FGF-ERK
Signaling in Stalk Cells
Tip cell fate is specified by FGF signaling
(Cabernard and Affolter, 2005; Sato and
Kornberg, 2002). Therefore, the expan-
sion of the tip cell domain under mmp2
LOF conditions might be caused by
a spread of FGF signaling activity. Such
FGF signaling activity in the tip regioncan be visualized by staining with a phospho-specific (dpERK)
antibody, which recognizes the doubly phosphorylated, active
form of Drosophila ERK (Cabernard and Affolter, 2005; Gabay
et al., 1997). Consistent with previous reports (Cabernard and
Affolter, 2005; Guha et al., 2009; Sato and Kornberg, 2002), we
found dpERK staining to be restricted to the tip area of the
wild-type ASP. However, upon suppression of Mmp2 activity,
either by expression of mmp2RNAi or of timp, dpERK staining
was expanded broadly throughout the air sac (Figure 3A). This
result suggests that the mmp2 LOF phenotype is caused by an
expansion of FGF signaling. Consequently, tracheoblasts that
would otherwise become part of the stalk are misspecified and
adopt ectopic tip cell fates. Consistent with this interpretation,
deliberate activation of FGF signaling by overexpression of
FGF receptor throughout the air sac can phenocopy the Mmp2
LOF phenotype (Figure S2). These data suggest that Mmp2
can prevent FGF signaling in prospective stalk cells and thereby
restrict FGF activity to the tip cell domain.
To directly confirm that Mmp2 can suppress FGF signaling, we
conducted experiments in Drosophila S2 cells. Figure 3B shows
that transient coexpression of Bnl and Btl potently activates ERK
phosphorylation, as monitored by immunoblotting with the
dpERK antibody. This ERK response can be abrogated by coex-
pression with Mmp2. A catalytically inactive mutant, Mmp2E258A,
however, has no effect. In agreement with the in vivo data, this
result suggests that Mmp2 can interfere with Bnl/Btl signaling.
To investigate whether this effect is specific for the FGF pathway
or whether other receptor tyrosine kinases might also be
affected, we conducted a similar experiment in which ERK was
Figure 4. Lateral Inhibition by Mmp2 Restricts Tip Cell Fate
(A) Random clones of GFP-marked control, timp, or mmp-deficient cells were generated in the ASP. The clones were either homozygous for MMP LOF alleles
(mmp2G535R or mmp1Q273*) or expressed transgenic timp. Viable mmp2G535R- or timp-expressing clones were recovered but, compared to control clones
(FRT42D for 2R, FRT82B for 3R) or clones lacking mmp1 function, rarely populated the tip. The number of clones analyzed is indicated below the histogram.
(B) Clones of Mmp2-expressing cells inhibit hs-bnl-induced dpERK signaling in neighboring cells. The top panels show an air sac in which Mmp2 was expressed
in randomly generated, GFP-marked (green) clones. Below, control clones expressing only GFP are shown. Air sacs were marked with btl enhancer-mRFP (red).
ERK phosphorylation was visualized with the anti-dpERK antibody (blue). Expression of hs-bnl after heat treatment caused ubiquitous activation of FGF signaling,
resulting in dpERK staining all over the air sac. However, several cells adjacent to GFP-marked, Mmp2-expressing clones showed markedly suppressed levels of
dpERK (indicated by arrowheads). Scale bars indicate 25 mm.
(C) The diagram shows ASP cells, which receive the FGF signal first, adopting the tip cell fate. ERK signaling presumably turns on a ‘‘tip’’ gene expression program
including the mmp2 and esg genes. The resulting expression of Mmp2 inhibits FGF signaling in neighboring cells nonautonomously.
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soluble form of its ligand, Keren (Reich and Shilo, 2002). Expres-
sion of EGF-R and sKrn causes ERK phosphorylation to a similar
degree as Bnl/Btl expression. Significantly, however, this activa-
tion is insensitive to the presence of Mmp2 (Figure 3B). We
conclude that the regulatory function of Mmp2 on air sac devel-
opment is selective for the FGF pathway. Mmp2 signaling might
therefore control the balance between EGF-regulated cell prolif-
eration and FGF-mediated patterning and cell migration.
Lateral Inhibition by Mmp2 Restricts Tip Cell Fate
Many examples of branching morphogenesis require a lateral
inhibition process that serves to spatially restrict a tip domain
in the outgrowing organ. Lateral inhibition is mediated by an
inhibitory signal that is released by distal cells once they have
adopted tip cell identity, to stop their neighbors from doing the
same. In this manner, spreading of tip fate into the adjacent stalk
cell area is prevented, assuring the correct patterning and struc-
ture of the forming organ. The data presented so far are compat-
ible with the idea that Mmp2 is part of a tip-cell-specific lateral
inhibition mechanism. Consistent with this model, we and others
find that FGF signaling itself can induce Mmp2 expression in theDevelopmASP (Figure S3A; Guha et al., 2009). This conclusion was further
confirmed by real-time RT-PCR and western blotting (Fig-
ures S3B and S3C).
The lateral inhibition model predicts that Mmp2 expression is
required in the tip cells themselves, to restrict expansion of tip
cell territory. To test this notion, we adopted a clonal analysis
strategy (Cabernard and Affolter, 2005). Using MARCM tech-
nology (Lee and Luo, 2001), we generated random clones of
GFP-marked cells that were homozygous for themmp2 LOF allele
mmp2G535R or the mmp1 LOF allele mmp1Q273* (Page-McCaw
et al., 2003). In parallel,mmp2RNAi or Timp was clonally expressed
using the flp-out Gal4 driver system (Golic and Lindquist, 1989;
Struhl and Basler, 1993) in developing larvae. All strategies
resulted in the generation of GFP-labeled clones that lacked the
capacity to express Mmp2 activity. The location of these clones
within the mRFP-labeled air sac was recorded. Both strategies
showed that themmp2-deficient cells rarelycontributed to tip terri-
tory, whereas control clones that lack Mmp1 function or express
GFP only were randomly distributed across the whole area of
the air sac, including the tip (Figure 4A; Figure S3D). Our interpre-
tation is that mmp2-deficient cells, even if they were the first to
receive an FGF signal, would not be able to maintain tip fate, asental Cell 18, 157–164, January 19, 2010 ª2010 Elsevier Inc. 161
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Those neighbor cells expressing Mmp2 normally would then exert
a lateral inhibition effect preventing mmp2-deficient clonal cells
from receiving FGF signaling. In other words, cells of the ASP
compete with each other to contribute to the tip. Cells that lack
Mmp2 activity are at a disadvantage and will likely lose the ability
to respond to FGF signals, and assume a subsidiary stalk cell role.
Finally, we designed an experiment to directly visualize the
paracrine effect of Mmp2 on FGF signaling in the ASP. To this
end, we induced a small number of clones expressing Mmp2
in the ASP. The strain used here also carried the hs-bnl trans-
gene. Thereby, Bnl expression can be ubiquitously activated
by exposing wandering third instar larvae to a mild heat treat-
ment. The resulting elevated levels of FGF throughout the ASP
made it easier to observe inhibitory functions of Mmp2. Strik-
ingly, we found areas of diminished ERK phosphorylation
adjacent to Mmp2-expressing clones, as monitored by dpERK
staining. Control clones that expressed only GFP never caused
such an effect (Figure 4B).
Several observations in this experiment are noteworthy. First,
the inhibitory effect of Mmp2 expression on ERK signaling is
strictly nonautonomous. Only cells adjacent to the Mmp2-
expressing clones showed decreased ERK activity. The clonal
cells themselves are impervious to the inhibitory activity of
Mmp2. This finding explains the persistent FGF activity in the
ASP tip cells even after Mmp2 expression is induced, and
supports the concept that tip cells act as classical organizers
that secrete signals to which neighboring cells respond but to
which they themselves are insensitive.
Second, the paracrine inhibitory effect that Mmp2-expressing
cells exert on FGF signaling in their neighbors is not gradual. The
affected cells adjacent to the Mmp2-expressing clones have
either normal or dramatically decreased ERK signaling activity,
but none show intermediary levels. This suggests that Mmp2
activity influences a yes/no decision. Such a mechanism would
be consistent with the proposed function of the FGF-Mmp2
signaling circuit to distinguish between two distinct cell fate
choices: tip or stalk.
Third, not all cells touching Mmp2-expressing clones show
decreased ERK activity. The basis for this anisotropic effect of
Mmp2 is not clear, but it might be related to the previous point:
cells can adopt either an ERK on (tip cell) or an ERK off (stalk
cell) state, a decision that is influenced by the interplay between
FGF, FGF receptor, and Mmp2. Stochastic variations in signaling
might tip the balance one way or the other, especially in the
experimental setting employed here, in which high ubiquitous
levels of FGF are present.
DISCUSSION
Matrix metalloproteases have long been implicated in invasion
and branching morphogenesis (Egeblad and Werb, 2002; Lu
and Werb, 2008; Page-McCaw et al., 2007). Whereas many
studies focus on MMP-dependent extracellular matrix (ECM)
remodeling in this context, we describe a different role for
Mmp2: controlling the spatial pattern of FGF signaling. It should
be noted that the signaling function of Mmp2 documented
here by in vivo and cell-culture evidence does not rule out a
mechanical contribution of MMP to air sac outgrowth and162 Developmental Cell 18, 157–164, January 19, 2010 ª2010 Elseviinvasion. Interestingly, Guha and colleagues have very recently
reported that Mmp2 clears ECM components around the
outgrowing ASP, which may facilitate the movement of the struc-
ture (Guha et al., 2009).
The function of Mmp2 as a modulator of FGF signaling and as
part of a lateral inhibition mechanism can be explained by the
following model (Figure 4C): tracheal cells that receive the FGF
signal first will activate ERK to induce gene expression programs
that direct budding and air sac formation. Among the activated
transcription units is the mmp2 gene, which is required for the
release of an inhibitory signal that nonautonomously prevents
further FGF responses in adjacent cells. This Mmp2-mediated
lateral inhibition mechanism would thereby restrict the spreading
tip cell fate through the prospective air sac. The nature of the
inhibitory signal that is delivered by the Mmp2-expressing tip
cells is still unknown.
It is likely that the mechanisms described here for the
Drosophila air sac are also employed by other species and devel-
opmental processes. For example, it has been shown that cells
with high levels of FGF activity have a competitive advantage
in populating the tips or ‘‘terminal end buds’’ of invading ducts
during murine mammary development (Lu et al., 2008), a finding
that is indicative of a lateral inhibition process. Interestingly, it is
well established that both MMPs and FGF signaling make critical
contributions to mammary development (Greenlee et al., 2007;
Page-McCaw et al., 2007). It is therefore tempting to speculate
that the regulatory interplay between MMPs and FGFs operates
broadly in invasive growth and branching morphogenesis.
EXPERIMENTAL PROCEDURES
Plasmid Construction
mmp1-GFP Reporter Construct
A 4.78 kb mmp1 genomic DNA fragment was amplified with the following PCR
primers: 50-ACCACCAAGATCTAATCGCCATCG-30 and 50-ATCTCGAGTGGT
TCCACTTGCCGCTGGCA-30 and inserted into the pGreen Pelican vector to
drive GFP expression (Barolo et al., 2000).
UAS-mmp2RNAi
UAS-mmp2RNAi has been previously described (Uhlirova and Bohmann, 2006).
A second independent RNAi targetingmmp2 sequences does not overlap with
the previous one and was generated in the same way. cDNA sequences
were amplified using the primers 50-TCCAGTACTTGGATGGCAAGAC-30 and
50-CAAAGCTCCTTGAAGAATTG-30. The two RNAi constructs cause identical
phenotypes when expressed in the tracheal system (Figure S1).
Drosophila Strains and Genetics
For conditional activation of RNAi or gene expression in the tracheal system,
the Gal4/Gal80ts system was used (McGuire et al., 2003). btlGal4, UAS-
GFPactin, tubulinGal80ts were crossed to the following UAS lines: UAS-
mmp1RNAi (Uhlirova and Bohmann, 2006); two independent UAS-mmp2RNAi
lines (see above); UAS-timp (Page-McCaw et al., 2003); UAS-btlGFP (Sato
and Kornberg, 2002); UAS-esg (Fuse et al., 1994); and kept at 18C until late
in L2. After heat treatment at 37C for 80 min to inactivate Gal80ts, larvae
were shifted to 29C for 1–2 days. For rescue experiments, UAS-timp was
recombined with UAS-mmp1 or UAS-mmp2.
The enhancer trap strain mmp2-Gal4, UAS-GFPnls (Srivastava et al., 2007)
and the mmp1-GFP reporter (this work) were used to visualize MMP expres-
sion. esgGal4, UAS-GFP (Micchelli and Perrimon, 2006) and esgk00606
(Bloomington Stock Center) were used to monitor esg gene expression.
MARCM Clones
70FLP/70FLP;btlenhancer-mRFP1moe,btlGal4-UAS-GFP-actin/CyO;FRT82B,
tubgal80/TM6Batt (for 2R) and70FLP/70FLP;btl enhancer-mRFP1moe, btlGal4,er Inc.
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2005) were crossed to mmp loss-of-function alleles (mmp1Q273* and
mmp2G535R; Page-McCaw et al., 2003) to induce GFP-marked clones. Six- to
eight-hour-old embryos were heat treated for 90 min at 37C, and then
incubated at 25C until late L3.
Flp-Out Clones
For clonal analysis of Mmp2 paracrine effect, hsFlp; act > y+ >Gal4, UAS-GFP;
btl-mRFP1moe females were crossed with males carrying either hs-bnl
(Sutherland et al., 1996) or hs-bnl, UAS-mmp2. Embryos were kept at RT until
late L2. After 30 min at 37C, larvae were transferred to 25C until late L3.
Before dissection, wandering larvae were heat treated again at 37C for 1 hr
and kept at 25C for another 3 hr to activate bnl throughout the ASP.
Immunohistochemistry
The following antibodies and dilutions were used: anti-MAPK (1:40; Sigma);
mouse anti-Mmp1 (1:200; Developmental Studies Hybridoma Bank); antifasci-
clin III (1:50; Developmental Studies Hybridoma Bank); anti-PH3 (1:1000;
Upstate Biotechnology); and TRITC- or CY5-conjugated secondary antibodies
(1:500; Jackson Immunoresearch). Alexa 633 or 546-labeled phalloidin (1:500;
Invitrogen) was incubated with the tissue for 20 min. Samples were analyzed
by confocal microscopy (Leica SP2). Fixation and staining followed standard
protocols. For dpERK staining, imaginal discs were fixed for 30 min in 8%
paraformaldehyde (Sato and Kornberg, 2002).
Cell Culture
S2 cells (Invitrogen) were grown at 26C in M3 insect media (Sigma) containing
10% fetal calf serum. Cells were transfected with 1–2 mg plasmid using calcium
phosphate (Di Nocera and Dawid, 1983). Media were replaced 18–21 hr later,
and after a further 12 or 24 hr cells were collected in HLB buffer (1% Triton
X-100, 50 mM Tris-HCl [pH 7.5], 150 mM NaCl, 1 mM EDTA, freshly added
protease inhibitor cocktail [Roche], phosphatase inhibitor complex [Sigma]).
The following plasmids were cotransfected as indicated: pWA-GAL4, an
actin5C promoter-driven GAL4 plasmid (a gift from Y. Hiromi); pUAS-bnl,
pUAS-btlGFP (Sato and Kornberg, 2002); pUAS-sKrn, pUAS-DER1gfp (Reich
and Shilo, 2002); and pUAS-mmp2, pUAS-mmp2E258A (Miller et al., 2008); the
pUAST vector served as control.
The following antibodies were used in western blots: mouse anti-MAPK
(1:800; Sigma); mouse anti-g tubulin (1:3000; Sigma); and rabbit anti-GFP
(1:3000; Molecular Probes). A rabbit polyclonal antiserum was raised against
a bacterially expressed catalytic domain of Drosophila Mmp2 (amino acids
142–300) (Pocono Laboratory). Antibodies were purified by affinity chromatog-
raphy and used at 1:1000 dilution for western blots.
SUPPLEMENTAL INFORMATION
Supplemental Information includes three figures and can be found with this
article online at doi:10.1016/j.devcel.2009.11.004.
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